ABSTRACT Proteolytic cleavage of hemagglutinin is required for cell entry by receptor-mediated endocytosis and plays a key role in pathogenicity of the influenza virus. Despite several studies describing relationships between bacterial proteases and influenza A viral activation in mammals, very little is known about the role of the normal bacterial flora of birds on hemagglutinin activation. We examined the indigenous intestinal microflora of 100 mixed-sex, 27-d-old Ross chickens from a commercial poultry facility for protease-secreting bacteria. Protease-secreting bacteria were isolated from 82 of 100 chickens with 50 birds exhibiting 2 or more protease-secreting bacterial species. A total of 20 protease-secreting bacterial species were identified: 17 gram-positive cocci, 2 gram-positive rods, and 1 gramnegative rod. Enterococcus faecalis, Enterococcus gallinarum, and Proteus mirabilis were the most frequently observed protease-secreting bacterial species. The presence of proteolytic bacteria in the intestinal tract of poultry in this study suggests the possibility of yet-tobe-described role(s) in cleavage of hemagglutinin that may alter the pathogenicity of avian influenza viruses.
INTRODUCTION
Influenza viruses (family Orthomyxoviridae) are classified as A, B, or C based on antigenic differences in their respective nucleo-and matrix proteins. All avian influenza viruses are classified as type A and are subtyped according to the antigenicity of 2 surface glycoproteins, hemagglutinin (HA), and neuraminidase. To date, 16 HA subtypes (H1 through H16) and 9 neuraminidase subtypes (N1 through N9) have been identified (Horimoto and Kawaoka, 2001; Fouchier et al., 2005) .
Proteolytic cleavage of HA is required for cell entry by receptor-mediated endocytosis and plays a key role in pathogenicity of the virus. Hemagglutinin mediates virus particle attachment to cell surface receptors via specific sialic acid residues, resulting in virus penetration arising from fusion of the viral envelope with the host cell membrane. Membrane fusion and subsequent infectivity are dependent upon cleavage of the HA precursor molecule (i.e., HA0) giving rise to 2 disulfide-linked polypeptide chains, HA1 and HA2. Cleavage of HA0 results in exposure of a highly conserved HA2 polypeptide amino terminus hydrophobic residue, which mediates membrane fusion and subsequent cell entry (Klenk et al., 1975; Lazarowitz and Choppin, 1975; Klenk et al., 1977; Rott et al., 1995; Steinhauer, 1999) .
The ability of host intracellular proteases to cleave HA0 is considered the major factor distinguishing highly pathogenic avian influenza (HPAI) viruses from non or low pathogenic avian influenza viruses (Bosch et al., 1979 (Bosch et al., , 1981 Klenk and Rott, 1988; Rott, 1992; Klenk and Garten, 1994; Garten and Klenk, 1999) . The HA0 cleavage site in HPAI viruses consists of multiple basic amino acids and is readily cleaved by host intracellular proteases (i.e., furin and PC6) as well as exogenous trypsin-like proteases (Klenk et al., 1975; Walker et al., 1992; Walker et al., 1994) . Infection with these highly virulent viruses may result in mortality as high as 100% and the viruses are restricted to subtypes H5 and H7. However, not all viruses of these subtypes give rise to HPAI (Capua and Alexander, 2004) . In contrast, low pathogenic avian influenza virus HA0 contains a single basic amino acid residue (i.e., arginine) at the cleavage site, which is not susceptible to cleavage by intracellular proteases but is cleaved by extracellular serine (trypsin-like) proteases.
Early studies clearly demonstrate the requirement for trypsin-mediated cleavage-activation of influenza A viruses in vitro (Klenk et al., 1975 (Klenk et al., , 1977 . All avian influenza viruses readily replicate in embryonated chicken eggs, which contain a protease similar to the bloodclotting factor Xa and is responsible for HA cleavage in allantoic fluid (Gotoh et al., 1990) . A similar protease was identified from Clara cells in rat and mouse bronchial epithelium (Kido et al., 1992) . Several studies have investigated the interaction of influenza A virus with bacteria-associated development of pneumonia after combined viral-bacterial infection (McCullers, 2006; Mancini et al., 2008) . Some strains of Staphylococcus aureus, Streptomyces griseus, and Aerococcus viridans secrete proteases that directly cleave the HA of several, but not all, type A influenza viruses (Klenk et al., 1977; Tashiro et al., 1987a,b; Scheiblauer et al., 1992) .
Other bacterial enzymes have been observed not to activate influenza virus directly but to be involved in the increased synthesis of host proteases, which in turn activate influenza virus. Staphylokinase, streptokinase, and a protease from Serratia marcescens all facilitate HA0 cleavage by activation of plasminogen (Akaike et al., 1989; Scheiblauer et al., 1992) . Callan and coworkers isolated several proteolytic bacteria from swine nasal cavities and demonstrated direct HA cleavage by a protease secreted by Pseudomonas aeruginosa (Callan et al., 1997) . However, when compared with trypsin, the cleavage site revealed a 1 amino acid shift toward the carboxy-terminus resulting in virus inactivation.
Unlike their mammalian counterparts, avian influenza virus replicates in cells lining the intestinal tract giving rise to symptoms ranging from little or no signs of disease to systemic infections of high mortality and are excreted in high concentration in the feces (Bean et al., 1985; Condobery and Slemons, 1992; Wood et al., 1995; Shortridge et al., 1998; Lu et al., 2003; Perdue et al., 2003; Kim et al., 2005) . Because these infected birds excrete large numbers of virus in their feces, habitat contamination could contribute to dissemination of the virus, providing significantly large amounts of virus for transmission within and among flocks of domestic poultry (Alexander, 2000) . Nonpathogenic avian influenza viruses also readily replicate in the intestinal tract of birds; however, the proteases involved in HA cleavage and activation have not been identified (Horimoto and Kawaoka, 2001) .
Despite numerous studies describing the relationship between bacterial proteases and influenza A viral activation in mammals, very little is known about the role of normal bacterial flora of birds on HA activation. Byrum and Slemons (1995) identified proteolytic bacteria from the respiratory tract of commercial chickens; however, the ability of these bacterial proteases to cleave HA was not examined. A variety of studies have been carried out describing the indigenous avian intestinal microflora. However, the majority of these studies have focused primarily on diseases affecting commercial poultry production and the potential of free-ranging birds to transport and disseminate pathogenic microorganisms to humans (Rosen, 1971; Steele and Galton, 1971; Mead, 1997; Roberts, 2000; Fallacara et al., 2001; Hubalek, 2004) .
Four scenarios can be proposed describing the possible role of microbial proteases in potentiating cleavage activation of influenza viruses in birds: 1) direct cleavage of HA by exogenous protease(s), 2) activation of host proteases capable of cleaving HA (e.g., plasmin, thrombin, or kallikrein), 3) destruction of host protease inhibitors (e.g., α 1 -antitrypsin, C1-inactivator, and α 2 -macrogobulin), and 4) induction of host-mediated inflammatory responses giving rise to increased secretion or leakage of host proteases (Callan et al., 1997) . Hemagglutinin cleavability has been implicated as one of the major determinants of influenza virus tissue tropism and pathogenicity (Kawaoka and Webster, 1988) . Therefore, in the current study, our focus is to determine the presence of protease-secreting bacteria in the lower digestive tract of poultry, which could potentially proteolytically cleave avian influenza virus HA.
MATERIALS AND METHODS

Isolation and Identification of ProteaseSecreting Bacteria from Cloacal Samples
Cloacal samples from 100 mixed-sex, 27-d-old Ross chickens from a commercial poultry facility were collected using sterile cotton fiber swabs, suspended in 1 mL of GN Broth, Hajna (Becton, Dickinson and Co., Sparks, MD), and transported to the laboratory. Using a 10-µL calibrated loop, samples were 4-quadrantstreaked onto differential and selective media (Becton, Dickinson and Co.). Gram-negative bacteria were isolated using MacConkey, Hektoen enteric, SalmonellaShigella, and xylose lysine deoxycholate differential agar media, whereas phenylethyl alcohol and Columbia colistin and nalidixic acid agar media supplemented with 5% (vol/vol) sheep blood were used for the isolation of gram-positive bacteria. Culture plates were incubated aerobically for 24 to 72 h at 37°C and observed every 24 h. Colonies exhibiting differing morphologies were placed on standard methods caseinate agar and evaluated for proteolytic activity (Martley et al., 1970) . Proteolytic isolates were streaked for purity on tryptic soy agar (Becton, Dickinson and Co.) supplemented with 5% (vol/vol) sheep blood. After gram staining, isolates were identified using a Vitek 2 Compact automated identification system (bioMerieux Inc., Durham, NC). Identified isolates were placed in Cryocare Bacterial Preservers (Key Scientific Products, Stamford, TX) according to the instructions of the manufacturer and stored at −80°C.
Preparation of Bacterial Supernatants Containing Secreted Proteases
Stored bacterial isolates were incubated in 15 mL of brain-heart infusion broth (Becton, Dickinson and Co.) for 36 to 72 h at 37°C with shaking (250 rpm). Samples were clarified by centrifugation (9,000 × g for 10 min) and supernatant material was filtered through sterile 0.2-µm cellulose acetate membrane syringe filters (VWR International, West Chester, PA). Samples were concentrated to approximately 1 mL by ultrafiltration using Centriprep 10-kDa molecular weight cut-off concentrators (Millipore, Tullagreen, Ireland). Concentrated culture supernatant material was aliquoted (100 µL) and stored at −80°C.
Detection of Protease Activity in Bacterial Supernatants
Concentrated bacterial culture supernatants were evaluated for proteolytic activity using agar gel diffusion. Agar gels contained 25 mM Tris (pH 7.2), 150 mM NaCl, 0.6% (wt/vol) casein sodium salt (SigmaAldrich Co., St. Louis, MO), and 1% (wt/vol) Bacto agar (Becton, Dickinson and Co.) poured to a depth of 4 mm (approximately 23 mL) in 100 × 15 mm Petri dishes. Aliquots (10 µL) of concentrated bacterial culture supernatant material were placed in 3-mm-diameter wells cut in the agar and incubated for 18 h at 37°C. Plates were overlaid with 3% (vol/vol) acetic acid and proteolytic activity noted as 1) a clear zone or 2) a zone of precipitated casein products (para-κ, α s1 -, and β-caseins) around the sample well. Proteolytic activity was determined by measuring the diameter of the proteolytic zone around the respective sample wells. Tolylsulfonyl phenylalanyl chloromethyl ketone trypsin (Sigma-Aldrich Co.) was used as a positive control standard at a concentration of 10 µg/mL.
RESULTS
Protease-secreting bacteria such as those shown in Figure 1 were isolated from 82 of 100 (82%) chickens sampled with 50 birds exhibiting 2 or more proteasesecreting bacterial species (Table 1) . A total of 20 protease-secreting bacterial species were identified: 17 gram-positive cocci, 2 gram-positive rods, and 1 gramnegative rod (Table 2) . Enterococcus faecalis was the most frequently observed protease-secreting bacterial species having been isolated from 28 of 82 chickens (34%), followed by Enterococcus gallinarum 26 of 82 (32%), and Proteus mirabilis 20 of 82 (24%).
As shown in Figure 2 , proteolytic activity secreted into the broth medium was determined using agar gel diffusion. Secreted proteases from Bacillus licheniformis The majority of isolates demonstrated activity greater than that of the trypsin control (10 µg/mL; Table 3 ).
DISCUSSION
Numerous works have investigated the potential role of microbial proteases in HA cleavage (Tashiro et al., 1987a,b; Akaike et al., 1989; Scheiblauer et al., 1992; Akaike et al., 1994; Byrum and Slemons, 1995; Callan et al., 1997; Mancini et al., 2005 Mancini et al., , 2008 McCullers, 2006) . However, these studies have been limited to normal microflora of avian and mammalian respiratory tracts. Potentiation of HA cleavage by microbial proteases present in the intestinal tract of birds could contribute to perpetuation of viral infection and increased viral titers thus facilitating the spread of the virus via fecal shedding.
Although influenza viruses replicate readily in the avian intestine (Bean et al., 1985; Condobery and Slemons, 1992; Wood et al., 1995; Shortridge et al., 1998; Lu et al., 2003; Perdue et al., 2003; Kim et al., 2005) , there is little information detailing the occurrence of protease-secreting bacteria in the avian digestive tract. Thus, we examined isolates of the cloacal microflora from chickens for protease activity. Results described in this report demonstrate the presence of a variety of protease secreting bacteria.
As shown in Table 1 , the majority (82%) of birds sampled yielded protease-secreting bacteria. Fifty percent of birds tested positive for 2 or more protease-secreting bacterial species. The most frequently encountered protease-secreting bacterium was E. faecalis (Table 2) and cell-free culture supernatants exhibited substantially higher proteolytic activity when compared with the trypsin control (Table 3 ). Other enterococcal species (i.e., E. gallinarum, Enterococcus durans, Enterococcus faecium, and Enterococcus casseliflavus) also exhibited noticeably greater proteolytic activity (Table 3) . Enterococci are commonly found in poultry environments and are considered normal microflora of the intestinal tract of poultry (Devriese et al., 1991; Wages, 2003) .
Eleven protease-secreting Staphylococcus spp. were recovered from 77 chickens with Staphylococcus chromogenes, Staphylococcus lugdunensis, Staphylococcus cohnii urealyticus, and Staphylococcus xylosus observed in 17, 16, 14, and 13 birds, respectively (Table 1) . Cellfree supernatants from all Staphylococcus spp. exhibited high levels of proteolytic activity. Staphylococci are frequently isolated from poultry and some species (S. aureus and S. hyicus) are known pathogens (Devriese et al., 1985; Cheville et al., 1988; Devriese et al., 1992; Tate et al., 1993; Byrum and Slemons, 1995; Mead, 1997; Andresean, 2003) .
Interestingly, P. mirabilis was the only gram-negative protease-secreting bacterium identified in this study. Protease-secreting P. mirabilis isolates were observed in 20 birds and exhibited proteolytic activity greater than that of the trypsin control. Proteus is commonly found in the lower intestinal tract of chickens and occasionally causes mortality .
The low number of gram-negative protease-secreting isolates was puzzling in light of a parallel study investigating the presence of proteolytic bacteria in free-range waterfowl (our unpublished data). However, chickens used in this study were reared using biosecurity protocols to preclude transmission of bacterial and viral agents from outside sources.
Comparison of secreted bacterial casein proteolytic activity to that of a known trypsin standard is shown in Table 3 . Some bacterial isolates produced white or off-white precipitants or clouding around the inoculum site on the caseinate plates. These isolates were considered proteolytic according to the criteria of Martley et al. (1970) . Interestingly, these bacteria did not secrete detectable proteolytic enzymes in broth culture. Thus, bacteria that produce minimal amounts of casein-digesting proteases or proteases specific for other substrates may not be detected using this technique (Byrum and Slemons, 1995) . Additionally, bacterial growth and protease secretion in vivo may differ from that observed in vitro. The intestinal mucosal environment, relative health of the host, and substrates used for proteolytic detection may affect both the amount and type of bacterial proteases secreted as well as their detection, respectively. Furthermore, obligate anaerobic flora was not examined in this study, but constitutes yet another possible source of proteases potentially capable of influenza HA cleavage-mediated activation.
Hemagglutinin cleavability has been implicated as one of the major determinants of tissue tropism of influenza viruses (Horimoto and Kawaoka, 2001 ). Trypsinlike proteases capable of cleaving HA are likely to be secreted by the resident bacteria found in all mammals and birds or by host secretions (Webster et al., 1992) . Thus, cleavage by proteases either resident in the avian intestinal tract or the environment, or both, could contribute to influenza morbidity by increasing viral infectivity and dissemination. Currently, we are assessing in vitro proteolytic cleavage of avian influenza HA by these secreted bacterial proteases (our unpublished data). Thus, protease-secreting bacteria may alter the pathogenicity of avian influenza viruses in yet-to-bedescribed ways and warrants further research.
